Solar variability of decadal time scale
The observed data series of sunspot numbers are very long, and the 11-year cycle is a major characteristic of the solar activity variability and more studies have focused on it [Wang et al., 2012; Zhao, 2011] . Some studies showed that the difference of the total solar irradiance (TSI) between the sunspot maximum (S max ) and sunspot minimum (S min ) is about 1 W m −2 (Fig. 1) . The TSI during S max is larger than that during S min , especially for the period of no sunspots, such as Maunder Minimum (MM). It should be pointed out for the latest 11-year cycle the just passed Cycle 23 had anomalous low sunspot numbers and S min was near zero . 2 Climate change related to the 11-year cycle of sunspots
In recent years, most studies have focused on the climate changes related to the 11-year cycle of sunspots, such as stratosphere, troposphere and surface responses (including ocean and land). The studies used the surface and satellite observation data, as well as the re-analysis data. The statistic methods such as correlation analysis, unitary and multi-regressions analysis have been employed to assess the relationships between the 11-year cycle of sunspots and changes in climate variables. The differences of climate variables during S max and S min were also studied [Gray et al., 2010] . Unfortunately, only a few studies used the Earth system models to assess the relationship [Bal et al., 2011] . Based on reference [Gray et al., 2010] , Table  1 presents the data sources and calculation methods, as well as the results of some climate variables related to the 11-year solar activity cycle. The rightmost col- umn of Table 1 gives the evidence numbers of references and models. Take QBO as an example, the relationships between QBO and the 10.7 cm solar flux for 1942-2010 were analyzed. The correlation coefficient was -0.33 and the difference of the geopotential heights during S max and S min was -389 m for the 31-year QBO-east phase. For the 38-year QBO-west phase, the correlation coefficient was 0.49 and the difference was 554 m.
In another example, the correlation coefficients between the 10.7 cm solar flux and July temperature at 30 hPa for the 35 years of 1968-2002 were computed. The maximum correlation is 0.71 at 30
• N of subtropical region; the minimum is -0.22 in the tropical region. For the 16 years of east phase, the maximum correlation is 0.92 in the subtropical region of both Hemispheres, and the minimum in other regions was -0.32. The maximum is 0.71 in the small parts of 30
• N, and the minimum in other regions was -0.39 for the 19 years of west phase [Gray et al., 2010] . The mature mechanism for the relationship between the solar irradiance and climate change is that the solar ultraviolet radiation change directly impacts the ozone at the stratosphere, leading to temperature change in the stratosphere. The change in temperature gradient in the stratosphere causes changes in zonal winds, and even the changes of both planetary waves and air flow. Table 1 Climate changes related to the 11-year solar cycle based on references [Gray et al., 2010] and [Bal et al., 2011] It should be emphasized that on the one hand there are limited observational data, and the relationships between the 11-year sunspot cycle and climate changes need to be supported by evidences from both more observational data and climate model experiments; on the other hand, the mechanisms and feedback processes between solar activity and climate change should be understood more.
3 Interdecadal climate projections with input of the 11-year cycle of sunspots
In recent years, some investigations started to use the TSI change due to the 11-year cycle of sunspots as an input forcing to the climate models in the multidecadal projections. One way is to add the 20th century average TSI corresponding to the maximum and minimum years of the sunspots in the predicted future 11-year cycle of the sunspots. However, this relys on the prediction of the future 11-year cycle of sunspots. It is difficult to make this prediction and thus the prediction involves large uncertainties. Another way is to input the TSI of a special period such as MM into the climate models to make future climate projections. This will provide an impact of the grand solar minimum of the 11-year cycle on the future climate changes [Gray et al., 2010; Meehl et al., 2013; Dikpati et al., 2010; Lockwood et al., 2011; Bal et al., 2011; Lockwood and Frohlich, 2008] .
One representative study published in 2013 [Meehl et al., 2013] was to concentrate on the effect of the grand solar minimum upon the future climate changes by using an Earth system model (CESM1) combined with a full atmosphere model (WACCM). The whole model was called CESM1 (WACCM). The atmospheric component model has 66 vertical levels extending up to a height of approximately 140 km, and a horizontal resolution of 1.9
• latitude by 2.5
• longitude, and includes ozone chemistry and wavelength dependence of solar absorption. The ocean component is a version of the Parallel Ocean Program (POP) with a nominal latitude-longitude resolution of 1 • (down to 0.25 • in latitude in the equatorial tropics) and 60 levels in the vertical. A future MM-type grand solar minimum, with TSI reduced by 25% over a 50-year period from 2020 to 2070 (Fig. 3) , is imposed in a future climate change scenario experiment (RCP4.5). This experiment (called RCP4.5+MM) compares with the experiment RCP4.5 to show the action of the grand solar minimum for the future climate change. Three ensembles for each experiment have been run, respectively. Figure 4 gives the time series of globally averaged surface air temperature for CESM1 (WACCM) standard RCP4.5 simulation and the grand solar minimum experiment RCP4.5+MM. The geographical distributions of surface air temperature for three periods (2026-2035, 2036-2045, and 2046-2065) have been calculated also (Figures are not  shown) . The results indicated: 1) with the continuing anthropogenic emissions, the future global warming characteristics will be continuing with or without the grand solar minimum. It means that the increase of anthropogenic emissions plays a leading role in global warming; 2) the future global warming for RCP4.5+MM is very likely less than that of the RCP4.5. For example, the global warming of (0.10±0.05)
• C per decade for RCP4.5+MM in 2020-2040 is lower than RCP4.5 which is (0.18±0.05)
• C per decade; 3) a warming of 0.64
• C for RCP4.5+MM in 2026-2035 relative to 1986-2005 has been found, but it becomes 0.80
• C for RCP4.5 in the same period. So, the difference between RCP4.5 and RCP4.5+MM is 0.16
• C (19%). It is 24% in 2036-2045. But by the end of the grand solar minimum in 2070, the warming nearly catches up to the reference simulation.
Therefore, under the increasing anthropogenic emissions in the future, the impact of the grand solar minimum such as MM-type is likely to reduce the global warming by about 20%. It means that a future grand solar minimum could slow down but not stop the global warming. These conclusions should be verified by more projection experiments from many other climate models. 
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Figure 4 Time series of globally averaged surface air temperature for CESM1 (WACCM) standard RCP4.5 simulation and the grand solar minimum experiment RCP4.5+MM. The duration of the grand solar minimum shown in Figure 3 is indicated from 2025 to 2065 [Meehl et al., 2013] 
